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ABSTRACT
Cognitive performance is characterized by at least two distinct life course trajectories. Many
cognitive abilities (e.g. “effortful processing” abilities including fluid reasoning, and
processing speed) improve throughout early adolescence and start declining in early
adulthood, while other abilities (e.g. “crystallized” abilities like vocabulary breadth) improve
throughout adult life, remaining robust even at late ages. Although schooling may impact
performance and cognitive “reserve”, it has been argued that these age patterns of cognitive
performance are human universals. Here we examine age patterns of cognitive performance
among Tsimane forager-horticulturalists of Bolivia, and test whether schooling is related to
differences in cognitive performance over the life course to assess models of active vs.
passive cognitive reserve. We used a battery of eight tasks to assess a range of latent
cognitive traits reflecting attention, processing speed, verbal declarative memory and
semantic fluency (n=919 individuals, 49.9% female). Tsimane cognitive abilities show
similar age-related differences as observed in industrialized populations: higher throughout
adolescence and only slightly lower in later adulthood for semantic fluency, but substantially
lower performance beginning in early adulthood for all other abilities. Schooling is
associated with greater cognitive abilities at all ages controlling for sex, but has no
attenuating effect on cognitive performance in late adulthood, consistent with models of
passive cognitive reserve. We interpret the minimal attenuation of semantic fluency late in
life in light of evolutionary theories of post-reproductive lifespan, which emphasize indirect
fitness contributions of older adults through the transfer of information, labor and food to
descendant kin.

Key words: cognitive performance, fluid vs. crystallized intelligence, cognitive reserve,
aging, education, Tsimane

A growing consensus among psychologists suggests that human cognitive performance is
not a generalized ability, but is instead composed of multiple inter-related abilities marked by
distinct life course trajectories (Salthouse 2010; Salthouse 2004; Craik & Bialystok 2006).
“Fluid” intelligence represents the ability to problem-solve and reason in novel situations,
“crystallized” intelligence represents the ability to effectively apply acquired knowledge and
learned skills (Carroll 1993; Cattell 1971), while some related abilities such as processing speed
and working memory arguably may not fit the classical “fluid” vs. “crystallized” distinction
(Schaie 1989; Zimprich & Mascherek 2010). Fluid and other associated cognitive abilities
(hereafter referred to as "effortful processing" abilities sensu Tucker-Drob & Salthouse 2011)
often decline from the mid-twenties or thirties onward, while crystallized abilities often improve
up through the sixth decade of life (Bugg et al. 2006; Horn & Cattell 1967). Performance on
effortful processing tasks not only declines earlier in life but also more rapidly than performance
on tasks drawing more from crystallized abilities (Harada et al. 2013). These distinct age patterns
have been demonstrated for both sexes in large-scale studies (Schaie 2005; Tucker-Drob 2011;
McArdle et al. 2002; Singh-Manoux & Kivimaki 2012; Bugg et al. 2006; Wang & Kaufman
1993), including recent Weschler Adult Intelligence Scale IV and Weschler Memory Scale IV
normative samples (Salthouse 2010). Despite more nuanced taxonomies for classifying cognitive
abilities and subtle differences in rates of change, these broad age patterns generally appear to be
consistent across and within populations. Given their consistent replication these age patterns
have been identified as universals of human cognitive aging (Salthouse 2009; Park et al. 2002;
Hedden et al. 2002; Park & Gutchess 2006).
Despite these claims of universality, the extent to which these patterns exist among preindustrialized populations with limited exposure to formal schooling remains understudied. An
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adequate attempt to describe and explain “universal” age patterns of human cognitive
performance should include studies of pre-industrialized populations, and should highlight the
costs and benefits of different cognitive abilities with age under socio-ecological conditions more
representative of human evolutionary history (e.g. energy-limited, subsistence production, higher
fertility, pathogen exposure). Humans lived as hunter-gatherers for the vast majority of their
evolutionary history, and thus natural selection on cognitive aging and development, and its
associated neural substrates, occurred in the context of a foraging lifestyle. Yet virtually nothing
is known about how cognition develops and declines among traditional subsistence-level
populations with limited schooling. For example, a pattern where all cognitive abilities senesce
concurrently with physical declines would contradict existing evolutionary theories of aging that
emphasize that post-reproductive lifespan evolved to transfer difficult-to-acquire resources and
information to descendant kin (Kaplan & Robson 2002; Lee 2003; Gurven 2012); based on this
logic, one should instead expect some cognitive abilities (especially crystallized) to persist into
late adulthood.
While literacy and schooling are nearly universal in industrialized populations, this was
not the case throughout the vast majority of human history. Most studies find strong impacts of
higher education on cognitive performance (Alley et al. 2007), though such studies generally
only examine differences between secondary and post-secondary education, as primary
schooling is compulsory in most industrialized populations. Current consensus of the effects of
schooling on cognitive performance is based on a narrow range of populations where
compulsory schooling is commonplace in a competitive skills-based wage economy (Ardila et al.
2000; Baker et al. 2015; Ardila & Rosselli 2007), and where certain socio-ecological factors (e.g.
reduced nutrient availability, high pathogen burden, high fertility and demand for childcare) pose
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fewer constraints to accruing human capital in controlled settings. Some researchers have argued
that observed age patterns of cognitive performance may be specific to the Western, educated,
industrialized, rich and democratic (i.e. WEIRD societies, Henrich et al. 2010) and may not
generalize to a broader range of populations. If alternative socio-ecologies favor different kinds
of skills at different ages, then age profiles of cognitive performance might vary from those
documented in WEIRD societies. Furthermore, the extent to which cognitive performance is
affected by differential exposure to schooling at the lower tail of the schooling distribution is
unclear. Identifying human-typical patterns of cognitive development and decline in the absence
of schooling, as was typical for most of human history, is therefore difficult given the
complicated and potentially reinforcing effects of modern environments.
Cognitive Performance and Schooling
While pathways by which schooling affects cognitive task performance are still not
clearly defined, it is clear that literacy, numeracy and abstract logic are often necessary for
occupational successin industrialized populations, unlike in traditional subsistence societies
(Furnham & Cheng 2013). Schooling plays a critical role in directly cultivating many of the
cognitive skills that underpin performance on intelligence tests and eventual economic success in
adulthood (Ceci, 1991). Across all ages, those with higher educational attainment develop
various cognitive skills more rapidly than those with minimal schooling (Alley et al. 2007).
Positive associations between schooling and cognitive performance (Lam et al. 2013; Alley et al.
2007; Deary et al. 2007; Schoon 2010), and between both and adult income and job performance
are well established (Feinstein & Bynner 2004; Schmidt & Hunter 2004; Cheng & Furnham
2012). Cohort studies tracking school attendance and reverse causality due to dropout have also
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consistently reported strong positive associations between schooling and multiple domains of
cognitive performance (Brinch & Galloway 2012; Carlsson et al. 2015).
In addition to direct effects of schooling on cognitive outcomes, participation in the
structured, routinized, controlled learning environment of formalized education also fosters
“non-cognitive” traits associated with concentration, improved attention span, and self-regulation
that predict success in both academic, professional and social environments (Blair & Raver 2014;
Komarraju et al. 2013). Formalized schooling places demands on executive function – the ability
to avoid distractions, focus attention, hold relevant information in working memory, and to
regulate impulsive behaviors. A well-developed working memory and the ability to control
attention enables individuals to focus and process information more efficiently, which further
supports the retention of knowledge (Ruchkin et al. 2003; Bull & Scerif 2001). The ability to
avoid distractions and stay on-task for extended periods of time (i.e. "grit"; Duckworth et al.
2007) affects a range of cognitive, scholastic, occupational and social outcomes. Schooling also
rewards high performance on exams, thereby instilling test-taking motivations, including effort
and persistence--traits that may not exist for individuals with minimal or no exposure to timed
testing (Eklöf 2010).

Cognitive Decline: Active vs. Passive Reserve
Many cognitive abilities decline with age, although such declines are usually less steep
for more educated individuals (Alley et al. 2007). This consistent attenuation in age-related
decline has raised new questions regarding how differential schooling earlier in life might affect
later-life cognition. “Cognitive reserve” reflects the ability for individuals to be buffered from
some aspects of cognitive aging (Le Carret et al. 2003; Barulli & Stern 2013; May 2011). The
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extent to which schooling plays a role in mitigating age-related cognitive decline has been
vigorously debated (Leibovici et al. 1996; Anstey & Christensen 2000; Van Dijk et al. 2008;
Zahodne et al. 2011; Tucker-Drob et al. 2009; Nyberg et al. 2012), and the mechanisms remain
poorly understood.
The “active reserve” model focuses on brain plasticity for recruiting alternative cognitive
capacities and reorganizing cognitive networks to counter age-dependent cognitive degradation.
Proponents argue that schooling encourages more efficient cognitive processing and neural
networks, which facilitates cognitive reorganization and buffers against effects of normal
cognitive aging (Stern 2002). This model suggests that more educated individuals will (a)
outperform their less educated counterparts throughout adult life, and (b) show a slowing of the
typical age-related patterns of cognitive decline. In support of this model, greater schooling has
been associated with lower rates of cognitive decline in healthy adults (e.g. Lyketsos et al. 1999;
Butler et al. 1996; Farmer et al. 1995) and with slower transition from mild cognitive impairment
to dementia (Poletti et al. 2011).
The “passive reserve” model focuses on building physical reserve capacity (e.g. neuronal
network density, synapse count) and clinical impairment beyond a threshold level of brain
pathology (Satz 1993). This model also predicts that greater schooling leads to higher cognitive
performance, but unlike the active reserve model, predicts no difference in rate of cognitive
decline as a function of schooling (Stern 2002). Instead, greater schooling should be associated
with enhanced retention of physical cognitive reserves, delayed attainment of brain pathology,
and delayed onset of cognitive decline. However, longitudinal studies consistently show no
significant attenuating effect of schooling on rate of cognitive decline at older ages (Tucker-Drob
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et al. 2009; Van Dijk et al. 2008; Karlamangla et al. 2009; Alley et al. 2007; Zahodne et al.
2011).
Most studies of schooling’s effects on the age pattern of cognitive performance compare
adults with relatively high educational attainment or children varying in secondary schooling but
who have all received compulsory primary schooling (reviewed in Ceci 1991). Variability in
cognitive performance throughout adulthood at low levels of schooling may be instructive for
helping to distinguish the relative impacts of cumulative exposures that incrementally improve
cognitive performance over time, versus attitudes, expectation formation and other schoolingrelated factors whose impacts on cognitive performance may be learned with even low levels of
schooling.

The Present Study
To shed light on cognitive performance and “reserve” in a unique non-WEIRD socioecology characterized by low levels of schooling, we report age patterns of cognitive
performance among Tsimane forager-horticulturalists of Bolivia. Despite the low overall level of
schooling, we test whether variation in schooling is associated with a) cognitive performance and
b) age-related differences in cognitive performance using a cross-sectional study design. Both
active and passive reserve models predict that more educated individuals will outperform their
less educated counterparts at all ages, but only the active reserve model predicts that greater
levels of schooling are associated with a shallower rate of cognitive decline; the passive reserve
model predicts no relationship between schooling and rates of decline.
To our knowledge, this is the largest study (n=919 individuals, 49.9% female) of
cognitive performance in a traditional small-scale population. Not all Tsimane villages have had

6

access to schools, and those that do vary in the duration of their establishment and efficacy of the
teachers. Thus, schooling is not heavily confounded with age cohort in the current sample, as
might be expected if schools were uniformly established across the Tsimane territory at the same
time. We are therefore able to leverage regional variation to disentangle availability and quality
of schooling and age in our analytic approach despite the cross-sectional design, which makes
the Tsimane an ideal population in which to study the effects of schooling on cognitive
development and aging.

Method
Study Population
The Tsimane are a semi-sedentary population of ~15,000 forager-horticulturalists living
in the Bolivian Amazon. They inhabit 90+ villages ranging in size from 50–500 individuals.
They cultivate plantains, rice, corn, and sweet manioc in small swiddens, and regularly fish and
hunt. Traditional foods comprise >90% of the calories in the diet, with the remainder purchased
from market stores, or obtained from trade with merchants (Martin et al. 2012). Tsimane live in
extended family clusters, where the majority of food and labor sharing occurs. Mortality has
been traditionally high, with approximately 20% of children dying before age 5 (Gurven et al.
2007). The Tsimane rarely use modern contraceptives and total fertility rate is high (9.1 births
per woman; McAllister et al. 2012). The population growth rate is also high at 3.6% per year.
Mean (SD) age of first birth for men and women is 22.8 (4.2), and 18.6 (2.9) years, respectively
(ibid).
Many villages now have elementary schools (up to 5th grade) taught by bilingual
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(Spanish-Tsimane) teachers. For over three decades, bilingual Tsimane teachers (all young men)
were trained by Protestant missionaries, who produced all instructional materials (Godoy et al.
2007). Up until 2000, no village had a middle or high school, although several large villages near
town had educational programs one week per month where teenagers and adults who completed
elementary school could obtain up to a high school diploma. Unlike in most of Bolivia where
indigenous children were taught in Spanish, Tsimane children were taught in their own language,
and curricula prioritized Tsimane literacy. However, since the early 2000’s, more teachers are
Bolivian nationals, and curricula have shifted to emphasize more Spanish fluency and to conform
more with standards set by the Bolivian Ministry of Education. Secondary schools now exist in
several larger villages near the closest market town of San Borja, and young adults are starting to
become high school graduates (5% of adults aged 18-25). However, in general school attendance
rates are either low or inconsistent for many students and overall adult literacy rate is low (18%).
We suspect that much variability in educational attainment, especially up to the fifth grade level,
is based on the number and types of schools in a participant’s natal village, and labor demands in
the family that might otherwise affect attendance (Bock 2002a). Fluency in the Tsimane
language is universal as Tsimane remains the native language (unrelated to Spanish); roughly
65% of adults in our sample are at least moderately fluent in Spanish. While Spanish is taught in
schools, Tsimane also gain Spanish fluency from greater interaction with Bolivian nationals.

Cognitive Battery and Recruitment
A sample of 919 Tsimane (49.9% female) aged 8–88 (mean±SD = 33.85 y±18.58)
completed a battery of eight tasks (described in greater detail below) to assess a wide range of
latent cognitive traits, based in part on those used by the Mexican Health and Aging Study
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(Mejía-Arango et al. 2015) and the Cross-Cultural Cognitive Examination dementia screening
(Glosser et al. 1993). These tasks largely assess verbal declarative memory (short-term learning
and recall), attention (visual scan, digit forward), psychomotor speed (visual scan), and semantic
fluency (category fluency). Subjects were participants of annual biomedical surveillance by the
Tsimane Health and Life History Project (THLHP) between January 2008 to July 2009 (see
Trumble et al. 2015). Given the THLHP’s focus on aging, all village members age 40+ are
eligible for complete biomedical surveillance including behavioral and cognitive assessment,
whereas younger individuals receive medical attention but further data collection exists only on a
sub-sample (~30%). From a THLHP census population of 2,768 individuals age 8+ across the 34
villages sampled in this study, 2,003 (72%) were seen by the THLHP; excluded are those who
(in descending order of relative frequency) were: visiting other villages, engaged in multi-day
foraging excursions or other subsistence work (e.g. hunting) entailing travel away from the
village, and those who did not wish to participate. Of the 439 adults age 40+ who received
medical exams by THLHP physicians, 345 (79%) participated in the cognition study. Of the
1,020 Tsimane age 8-24 yrs across the 34 villages, 338 (33%) were sampled to in the cognition
study. The main reason for excluding this age category from the cognition study was logistical:
the bilingual Tsimane researchers conducting the cognition study were also conducting other
interviews and their time was thus limited. Over a third of participants (31.0% males, 38.4%
females)) had no schooling (Figure S1). While years of schooling ranged from 0-12 (mean±SD=
2.38±2.80; median=2), nearly 60% of the sample had ≤2 years (Figure S2). It is worth noting,
however, that a year of schooling among Tsimane may contain significant gaps in attendance and
is unlikely to be equivalent to a year of schooling in industrialized societies.
Cognitive tests were conducted in the Tsimane language by a trained Tsimane research
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assistant with multiple years of experience conducting interviews as part of the THLHP. Tests
were conducted at participants’ homes or elsewhere in the village in a private location.
Interviews were conducted entirely in the Tsimane language, with the exception of the Spanish
numbers in the digit forward test.
Consent was provided at three levels: Tsimane government (Gran Consejo Tsimane),
village leadership, and study participants. All procedures were approved by the IRB at the
XXXXX(Deleted to insure anonymity).

Immediate and Delayed Recall
Verbal memory was assessed by immediate and delayed recall tasks (Unsworth et al.
2009). Participants were read a list of eight Tsimane nouns three times and then asked each time
to repeat the list immediately in any order. After 10 minutes participants were also asked to
recall in any order as many of the eight words from the original list as possible.

Digit Forward
Attentional capacity was assessed by digit span tasks. Digit forward tasks require
participants to store and sequentially update a list of single-digit numbers and then retrieve the
list from working memory at the end of a trial (Maylor et al., 1999). Participants repeat a series
of digits increasing in length until failure on two consecutive trials. This test was first
administered in the Tsimane language. Some Tsimane numbers have multiple syllables (e.g.
yavatidye’ (seven), arajtac (nine)), and so a second version using Spanish numbers was
conducted. Even though Spanish fluency varied in the sample, Spanish numbers up to 10 are
understood by all Tsimane. In a third spatial span task, the interviewer touched a pre-determined
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sequence of numbered boxes on a poster, which participants were asked to replicate. This task
draws upon spatial processing and mental mapping in addition to working memory.

Visual Scan
A visual scan task required participants to locate in two minutes as many instances as
possible of a target symbol in an array of jumbled symbols. Visual scanning requires
discrimination between target stimuli and distractors, and executive processing skills such as
psychomotor speed, sustained attention and interference avoidance (Glosser et al. 1993).

Semantic Fluency
Semantic fluency tasks assess semantic memory in two locally salient domains: animals
and fish (Ardila et al. 2006). Participants had two minutes to generate as long a list of items in
each category as possible. Performance on semantic fluency tasks is considered a good measure
of crystallized intelligence (Carroll 1993; Ekstrom et al. 1976) based on the ability to retrieve
information from long term memory, and to filter distractions and limit responses to relevant
objects.

Data Analysis
Data analysis was conducted in R version 3.1.2 and SAS 9.2. Individual performance in
each cognitive test was first converted to Z-scores, allowing direct comparisons across tests with
different scoring protocols. Z-scores for separate tasks were also averaged to create composite
measures for “effortful processing” ability (immediate and delayed recall, digit forward, and
visual scan) and semantic fluency (animals and fish).
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Multivariate linear regression models were used to assess relationships between cognitive
performance, age and years of schooling controlling for sex and Spanish fluency. Interaction
terms between age and schooling were added to estimate the effect of schooling on age-related
decline in cognitive performance. Because of possible non-linear age patterns of cognitive
performance, age2 terms are included in all models. Generalized additive models (GAMs; R
package mgcv) were used to examine age trends in composite effortful processing and semantic
fluency domains, while controlling for sex, Spanish fluency, and schooling, i.e. Y|X1,X2,X3 =
B0+S1(X1)+X2+X3, where S(X1) is a nonparametric smooth function (spline) for age, and X2 and
X3 are sex and schooling, respectively.
To better isolate age patterns of cognitive performance at early and later life stages, we
used segmented linear regression (R package segmented) to estimate (a) age of peak
performance, (b) the slope of age-related differences (i.e.“decline”) for those older than this
peak, and (c) the age-related slope of “increase” before this peak. Segmented linear models
permit identification of transition points that may otherwise be obscured when using quadratic
functions or non-parametric estimates from GAMs (Fortenbaugh et al. 2015). Additional
regressions of pre-adult and early adult cognitive performance are restricted to ages <25 yrs,
while those focused on middle-age and older adult cognitive performance are limited to ages
40+.

Inter- and Intra-Village Variation
Because villages varied in access to and quality of teachers and schools, each of the 34
communities in this study was treated as a random effect in a mixed effects model. We also make
adjustments due to non-independence from biological kinship amongst individuals in our sample,
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using detailed genealogy and census records on all 919 participants (Gurven et al. 2007).
Amongst 919*918/2=421,821 possible unique dyads, 677 are parent-offspring dyads, and 1,510
are sibling dyads; 97.4% reflect non-kin relationships (Wright’s coefficient of relatedness r=0),
1.6% reflect 0<r≤0.125, 0.6% reflect 0.125<r≤0.25, and 0.4% reflect r≥0.25. To adjust for
shared kinship we add two random intercept terms for members of the same 139 matrilines and
143 patrilines in all mixed effects regression models.

Results
Descriptive Statistics
Summary statistics on cognitive performance and covariates by age and sex are shown in
Table 1. On average, males are more educated than females (Mann-Whitney U, z= 2.28, p =
0.023; Figure S1) and speak Spanish more fluently, and so sex and Spanish fluency are included
as controls in all models. However, highest grade achieved and Spanish fluency were similar
between young males and females <25 yrs (grade: 3.1 yrs; Spanish competence: 2.3 (out of 4),
Table 1; Figures S2, S3); adult men had slightly higher educational attainment and Spanish
fluency than women (schooling: 3.1 vs. 2.1 ages 25-39, 1.9 vs. 1.2 ages 40+; Spanish: 2.7 vs. 2.0
ages 25-39, 2.5 vs. 2.1 ages 40+; Table 1). For both sexes, highest educational attainment is
lower with age (Table 1; Figure S2), but Spanish fluency varies minimally with age (Table 1;
Figure S3). Even controlling for schooling and Spanish fluency, males outperform females in all
tasks. There was no significant age difference between sexes (t(914.21) = -0.52, p = 0.60) (Table
1).
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Table 2 shows the sex-specific Pearson correlations in performance among all cognitive
tasks, and two composites: “semantic fluency” and “effortful processing” for all other domains.
Most correlations between “effortful processing” hover between 0.2 and 0.5, and 0.6 among the
two semantic fluency tasks. Long term recall, spatial forward and visual scan are most strongly
correlated with the “effortful processing” composite. In the complete sample, “effortful
processing” and “semantic fluency” composites are uncorrelated with each other; correlations
among “effortful processing” and “semantic fluency” composites are significant only for those
<20 yrs (r=0.16, p=0.007, controlling for sex), and for schooled adults (1-2 yrs: r=0.35,; 3+ yrs:
r=0.21, p’s<0.0001, controlling for age and sex). The average correlation among all cognitive
tasks vary little by age group: (<20 yrs: r=0.226 (n=279); 20-39 yrs: r=0.210 (n=291); 40-59 yrs:
r=0.175 (n=252); 60+ yrs: r=0.191 (n=77), controlling for sex) or by level of schooling: (0 yrs:
r=0.191 (n=306); 1-2 yrs: r=0.245 (n=227); 3+ yrs: r=0.235 (n=364). Thus, we find little
evidence that the cognitive abilities assessed in this study change consistently in their degree of
independence from zero to low levels of schooling, or across the lifespan (see Tucker-Drob 2009
and citations therein).

Age Patterns of Cognitive Performance
Tables 3 and 4 test the relationship between age, schooling, and Spanish fluency on
cognitive performance for the full sample, younger individuals (<25 years old), and middle-aged
and older adults (aged 40+). In the full sample, age is significantly positively associated with
performance on all cognitive measures, while the age2 term is significantly negatively associated
with cognitive performance, demonstrating lower age-related performance at older ages in all
abilities (all p’s < 0.001).
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Because of these non-linear effects we use GAMs to provide greater resolution on age
patterns of cognitive performance. Controlling for sex, schooling and Spanish fluency, many
abilities show peaks during early adulthood (20’s and 30’s), followed by a considerable plateau
throughout mid-adulthood before witnessing declines throughout later life (Figures 1). While the
age profiles of many tasks are similar, delayed recall and visual scan tasks show slightly earlier
peaks than other abilities, and visual scan shows fewer age-related differences at later ages
(Figure 1). On the other hand, semantic fluency performance improves consistently throughout
early life and mid adulthood before showing slightly lower performance at later ages (Figure 1).
We employ segmented multivariate linear regressions to estimate the ages of peak
performance, and differences in performance at ages earlier and later than the peak (Table 5).
Most “effortful processing” tasks peak earlier (average: 16.2 years) than semantic fluency tasks
(average: 30.6 years, p < 0.001) (Figure 2, Table 5). These peak ages are somewhat earlier than
those displayed in GAMs (Figure 1). “Effortful processing” abilities improve significantly from
early age until mid-adolescence (β = 1.409, p < 0.001) and then show lower performance
thereafter (β = -0.314, p < 0.001). Semantic fluency abilities improve significantly from early
age until mid-adulthood (β = 1.042, p < 0.001) and are only slightly lower among older adults (β
= -0.081, p < 0.001).

Effects of schooling on acquisition and age of peak performance
We use segmented linear regressions to consider whether schooling plays a significant
role in the cognitive performance of adolescents and thereby on the peak age of cognitive
performance. Performance in “effortful processing” abilities peaks 10.6 years earlier and 1.21
SD higher for individuals with 2+ vs. <2 years of schooling (Figure 3). Across most ages, those
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with low or no schooling perform significantly below the population average. Performance on
semantic fluency tasks exhibits a different pattern than the other tasks: those with 2+ years of
schooling display rapid improvement throughout adolescence followed by minimal change or
even slight increase with age (Figure 3). Those with <2 years of schooling exhibit a similar
pattern at early ages, but then show slightly lower performance from age 20 onward. Comparing
Tsimane with no schooling to those with some (1-2 years) or more (3+ years) shows similar
dose-response patterns across different cognitive tasks (Figures S4).
Years of schooling and Spanish fluency are consistently positively associated with
cognitive performance in “effortful processing” tasks, but only Spanish fluency is associated
with performance in semantic fluency tasks (Table 4). For individuals <25 years old, there is a
significant negative interaction between age and schooling on “effortful processing” composite
performance and numerous sub-tasks (Table 6); educated individuals perform higher than
uneducated individuals at earliest ages, but then their performance proceeds at a slightly slower
rate towards a higher peak than observed in less educated age-matched peers. There is no
significant age*schooling interaction on semantic fluency performance (Table S6a).

Effect of schooling on rate of cognitive decline
To test predictions of the passive and active models of cognitive reserve, we include an
age*schooling term in the sub-sample of adults aged 40+ (n = 376) (Tables 4, 5b, 6b). A
significant main effect of schooling on performance but no significant age*schooling term would
be consistent with no buffering effect of schooling on cognitive decline, as predicted by the
passive reserve model. A positive and significant age*schooling term would instead support the
active reserve model, suggesting that there is an attenuating effect of schooling on cognitive
decline at later ages. A third possibility, where a positive main effect of schooling and a negative
16

age*schooling term, would instead suggest that the protective effects of schooling are smaller at
late ages.
We find a positive effect of schooling on several tasks, including short term recall and
visual scan, no effect on other tasks or on the composite measures, and no significant
age*schooling term for any measure (Table 6), consistent with the passive reserve model. To
explore non-linear effects of schooling on rates of “effortful processing” cognitive decline, we
divide the sample into low (<2 years) and moderate to high (2+ years) schooling, and similarly
performed multivariate linear regression (Table 7). In order to determine whether differences in
schooling produce distinct patterns of decline, we conducted a t-test for significant differences in
slope with age. Results show that the slopes with age are similar across both groups (t(342) =
1.093, p = 0.275), confirming that there is no significant difference in rates of decline for those
with minimal or moderate schooling. A positive effect of Spanish fluency on “effortful
processing” composite performance is only observed among individuals with less than two years
of schooling (Table 7).

Community differences, schooling and cognitive performance
In all models, substantial variance in performance was captured by the random effect for
community ID. Communities vary in the length of time schools have existed, in the
quality of schools (e.g. building construction, classroom materials), and in the quality of
teachers. To explore variable relationships between educational attainment in different villages,
we grouped village schooling level into three categories: low (with no or relatively recent
schools appearing in the past decade), moderate (schools have existed for about two decades)
and high (schools have existed for longer than two decades), and interacted this variable with
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education. We also consider quadratic schooling terms to explore potential non-linear
relationships between schooling and cognitive performance. Controlling for age, age2 and
Spanish fluency, we find that the effects of grade on “effortful processing” composite
performance are greatest among those with lower levels of schooling, and diminish among those
at higher educational levels (significant negative quadratic term), especially among women
(Table 8, Models 2 & 3; Figure 4). The effects of schooling, however, vary considerably
depending on village residence. Coming from a village with low school quality is associated with
0.4-0.5 lower z-scores in performance, on average, and the increase in performance with grade
level is smaller in these villages (significant interaction terms between grade and village school
level). Similar effects are found when examining each cognitive task separately, but interactions
of village schooling history and grade is significant only for visual scan and verbal recalls (Table
S1). Schooling does not bears any non-linear relationships with semantic fluency (Table 8, S1).
Yet more remote villages with the least history of schooling show roughly 0.4 z-score units
greater semantic fluency.

Discussion
Consistent with many studies documenting distinct age patterns of cognitive abilities
(Craik & Bialystok 2006; Schaie 2005; Hedden & Gabrieli 2004; McArdle et al. 2002; Wilson et
al. 1999), we find that effortful cognitive performance spanning working memory, attention and
psychomotor speed domains peaked in early adulthood and thereafter performance was lower
than in tasks oriented around semantic fluency (Figures 1, 2). The present study is the first to
replicate this general cognitive aging profile in a traditional subsistence population with low
levels of schooling. We find ages of peak performance in early-mid adulthood, and greater age18

related differences in performance on effortful processing tasks tapping working memory, shortand long-term verbal declarative memory, visual search and spatial memory (Table 5). For shortand long-term verbal memory, declines manifest at an average recall of 4.1% and 3.7% fewer
words per decade after age of peak performance, respectively. These age-related differences,
while modest, are consistent with other studies in industrialized populations indicating earlier
onset of decline in abilities related to cognitive-processing and memory in healthy adult samples
(Baltes & Lindenberger 1997; Germine et al. 2011; Halberda et al. 2012; Hartshorne & Germine
2015; Murre et al. 2013). For example, a recent study of cognitive performance in the UK
showed 10-yr cross-sectional declines at ages 45-49 ranging from -2.9% to -3.6% in men, and 6.5% to -11.4% in women (Singh-Manoux et al. 2012: Table 2); cross-sectional rates of decline
among age-matched Tsimane in analogous tasks are -4.6% in men (ranging from -0.1% to 9.1%) and -4.5% in women (ranging from -1.9% to -8.8%).
Overall we find no significant attenuating effect of relatively low levels of schooling on
age-related differences in cognitive performance in later adulthood, consistent with the passive
reserve model. In our sub-sample of adults aged 40+, those with greater schooling exhibited
similar age-related differences in performance as their less-schooled counterparts. This finding
supports recent longitudinal studies that failed to document the presence of active reserve among
Western adults with higher levels of education than observed here (Tucker-Drob et al. 2009; Van
Dijk et al. 2008; Karlamangla et al. 2009; Alley et al. 2007; Zahodne et al. 2011) and is also
consistent with studies suggesting that, at least for some cognitive abilities, lower performance at
late age may represent reductions in an individual’s ability to sustain investment in metabolically
expensive faculties in the face of persistent challenges (Trollor et al. 2005; Minoshima et al.
1997). Instead we find significant positive main effects of schooling on cognitive performance
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over much of the life course, consistent with passive models positing improved cerebral and
neural reserves among those with greater schooling (Stern 2002). Further, these effects are
greater in villages with a longer history of schooling, where teachers are more experienced and
schools are generally of higher quality. For semantic fluency, schooling and Spanish fluency
were weakly associated with greater performance. However, only for semantic fluency was
performance higher in remote villages that only recently obtained schools. We suspect this is
because there is more active hunting and fishing in these more remote villages (Gurven et al.
2006), and so greater first-hand and second-hand experience with a larger diversity of animals
and fish.
We also show that schooling is associated with greater performance at earliest ages in
cognitive skills such as working memory, spatial memory, and short- and long-term verbal recall,
particularly throughout adolescence and early adulthood (Figures 3, S4). Because these cognitive
skills are not directly taught in school, these results may be due, in part, to the reinforcing effects
of non-cognitive skills that are associated with increased exposure to schooling, such as
improved attentional control, increases in self-regulatory abilities, and benefits to executive
functioning (Blair & Raver 2014; Komarraju et al. 2013). In particular, literate individuals
performed significantly better on the visual scan task as they tended to track the page from left to
right in a systematic pattern, while non-literate participants did not follow any organized routine.
It is possible that Tsimane adolescents and young adults who have accumulated more experience
in the classroom may be better equipped to succeed on tests of cognitive ability in part because
of greater motivation to perform, sustained attention to focus on each cognitive task in the face
of distractions, and expectations generated from formal teacher-pupil interactions (Eklöf 2010).
Yet despite the limited range of schooling among Tsimane, we see dose-dependent
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improvements in performance across levels of schooling (Figures 3, 4, S4), suggesting that there
are additional positive effects of schooling on “effortful processing” performance beyond the
cultivation of non-cognitive supporting skills. These effects were independent of age, Spanish
fluency and village history of schooling.

Why do age profiles of cognitive performance vary by domain?
Evolutionary Perspective on Cognitive Aging
The genetic architecture underlying cognitive performance has been shaped by a number
of evolutionary forces, where roughly 28-51% of the variance in intelligence is due to the
cumulative effect of thousands of minor-acting common genetic variants (Arslan & Penke 2015).
Gene by environment dynamics have likely played an important role in shaping the expression of
cognitive traits (Penke & Jokela 2016), and its developmental trajectory (Briley & Tucker-Drob
2015). While the evolutionary and behavioral genetics literature has helped address questions
about inter-individual variability, heritability, stability and development, little attention has been
placed on the functional logic of distinct age trajectories of cognitive traits.
If aging were a general process, somatic and cognitive function should decline at similar
rates, in sync with declines in “reproductive value”, as suggested by Hamilton (1966). Commoncause models of aging often highlight the association between declines in cognitive and physical
abilities (Clouston et al. 2013; Christensen et al. 2001; Krall et al. 2014). For instance, Rosano et
al. (2005) report a robust association between declines in executive control and declines in
physical functioning in samples of healthy aging adults. Other work supporting common-cause
models focusing on general reasoning and memory tasks indicates that declines in physical
abilities such as gait speed and strength are often good predictors of cognitive deficiencies in
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elderly adults (Atkinson et al. 2007). Our findings are instead consistent with recent work that
disaggregates performance on cognitive tasks (e.g. Hartshorne & Germine 2015). They support
the idea that there is no single age at which individuals perform at peak levels on all, or even
most, cognitive tasks. Additionally, for many domains of cognitive performance, the functioning
of older adults remains particularly strong throughout later life (Hartshorne & Germine 2015;
Harada et al. 2013; Cavanaugh & Blanchard-Fields 2006), despite general declines in physical
capabilities such as strength, muscle mass, and gait speed (Auyeung et al. 2014; Cooper et al.
2011), and despite increased risk of frailty-induced depression (Stieglitz et al. 2014). The
delayed senescence of some cognitive domains relative to others, and the distinction between
declines in physical and cognitive performance in later adult life requires explanation. Though
speculative, we offer one general account that might help provide an ultimate-level explanation
for differences in age-related decline among cognitive domains.
The evolved human life history is characterized by large, encephalized brains, extended
life span, downward intergenerational resource transfers and mid-life surplus production (Kaplan
et al. 2000). It has been proposed that these features were co-evolved responses to a feeding
niche consisting of nutrient-dense resources such as hunted game, extracted roots and other
resources that are difficult to acquire. Peak efficiency in food production among hunter-gatherers
and forager-horticulturalists occurs in the fourth and fifth decades of life, well after peak
physical capabilities are attained (Walker & Hill 2003; Gurven & Kaplan 2006; Gurven et al.
2006). The relatively slow acquisition of foraging and other skills is linked to the development of
cognitive abilities, experience and on-the-job training (Schniter et al. 2015). Acquiring and
storing extensive complex ecological knowledge (i.e. crystallized intelligence, Bock 2002b;
Reyes-García et al. 2009) is a prerequisite for successful food production. Similarly, substantial
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subsistence endeavors like hunting and stalking prey, careful planning of planting, harvesting
and burning schedules, all require developed executive function and other fluid abilities, and the
integration of knowledge from past experience. The accumulation and maintenance of a wide
range of social relationships (i.e. social capital) also requires diverse skills that together impact
another domain of delayed production affecting ego and descendent fitness (Whiten & Byrne
1997; Dunbar & Shultz 2007).
Understanding the origins of particular age profiles of cognitive development and
senescence requires attention to the skills and fitness-related consequences thereof in the kinds of
environments more similar to those of our ancestors. That many cognitive age profiles among
Tsimane are similar to those in industrialized populations despite their remoteness and very
distinct socio-ecology suggests that changes in the cognitive landscape throughout life relate in
important ways to age-related changes in resource production. In all human populations, older,
post-reproductive individuals maintain roles as providers and investors in the embodied capital
of their descendent kin. This often involves direct or indirect instruction, advising, conflict
mediation, storytelling and information sharing, especially when their own resource productivity
is increasingly diminished (Kline 2014; Gurven et al. 2012; Schniter et al. 2015; Stieglitz et al.
2013).
If natural selection shaped cognition to promote the transition from knowledge
acquisition (i.e., investment in wide range of fluid and crystallized capabilities) in early life, to
production and investment in descendant kin (i.e., crystallized capabilities) throughout
adulthood, then some effortful cognitive domains might be subject to degradation at a more rapid
rate, while others preserved well into late age, depending on their relative contributions to
fitness. If informational transfer provided dependable and measurable benefits to descendent kin

23

above and beyond the costs associated with decreased productivity, selection should have
retained those cognitive skills that are implicated directly in knowledge retention, memory
retrieval, and information transmission, despite declining physical abilities and more fluid
cognitive abilities. Those retained would include category fluency and other domains of
crystallized abilities. Recent genetic evidence seems to support evolutionary scenarios where
older adults are equipped to impact descendant kin. Schwarz et al. (2016) provide evidence of
the relatively rapid proliferation of protective alleles unique to the human lineage that help
maintain cognitive function at late ages, such as the immunoregulatory receptor CD33, ApoE
and PON1.
Several studies are consistent with our “trade-off” perspective to understanding cognitive
aging. Reser (2009) reports that metabolic activity in the hippocampus and neocortex becomes
increasingly more costly with age. Normal aging has been consistently associated with atrophy in
general cerebral capacity, driven largely by reductions in both gray and white matter (Pakkenberg
et al. 2003; Lemaitre et al. 2012). These effects are largely present in the prefrontal regions
(Tisserand & Jolles 2003; Allen et al. 2005), which are implicated heavily in speed of mental
processing, working memory, and overall executive control. The large metabolic cost of
simultaneously preserving multiple fluid domains likely places a significant constraint on
metabolic investment in older adults. As productivity declines in middle adulthood, it may be
less beneficial to sustain high investment across all brain regions; young adults may be more
inclined to pay such high cost activation of expensive brain networks because they stand to
benefit greatly over a long time period from the learning that accompanies it. Upon reaching
adulthood, humans living in environments characteristic of ancestral populations would have
already sampled diverse aspects of the local ecology, and internalized much of the social and
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ecological information that they need to become efficient producers and social contributors.
Once an individual reaches mid- to late-adulthood, the maintenance costs associated with many
effortful processing capabilities may surpass their expected marginal returns to increased
productivity and/or fitness. The consistent tradeoff between investment in more fluid abilities
during early adulthood and the reliance on crystallized information storage in later life may
represent a functionally efficient compromise. The resulting age trajectories of cognitive skills
affect production in predictable ways. For example, in modern industrialized societies, peak ages
in productivity for jobs that reward experience, managerial ability and other crystallized skills
are relatively late in adulthood, despite declines in fluid abilities (Skirbekk 2008, 2004).

Limitations and Future Directions
The cross-sectional design prevents assessment of individual life course trajectories.
Cross-sectional data can also be problematic when there are cohort effects, although longitudinal
data often suffers from bias due to retest practice effects artificially inflating cognitive change
over time (Rabbitt et al. 2001). Recent evaluations confirm that cross-sectional studies with
minimal cohort differences may offer more valid inferences about age-related changes than
longitudinal studies biased by retest effects (Salthouse 2009). Indeed, retesting among Tsimane
has been shown to lead to improvement in at least one cognitive task (Ravens colored
progressive matrices), especially among more educated individuals (Davis 2014). Thus, our
results concerning differential rates of cognitive decline from our one-shot cross-sectional design
are at least consistent with those in cross-sectional studies in other human populations, and in
non-human populations where cohort differences are non-existent (Herndon et al. 1997;
Salthouse 2009). Here we argue that schooling plays an important role in the acquisition of
cognitive skill at young ages; if older adults are less educated than their younger counterparts
25

due to more limited access to educational opportunities, then naturally this raises concerns about
the availability of formal schooling across communities and across ages. In the current sample,
however, there is considerable community-level variability in access to schools and the duration
of their establishment, and so schooling is not heavily confounded with age cohort. Nevertheless,
future research focused on documenting age-related differences in cognition in similar
populations should take into consideration the potential reinforcing effects of education on
performance, particularly among adolescents and young adults. It is also possible that cognitive
buffering might require more schooling than the low levels observed in the Tsimane population.
Despite these limitations, the current results provide important information that will help
improve our understanding of normative changes in cognition across the life course. Our results
support existing patterns of cognitive aging across the life cycle in samples of healthy individuals
and extend existing research by documenting the effects of educational attainment on both the
acquisition of cognitive skills and the rate of cognitive declines with age. To our knowledge, the
current study is among the first to replicate age-related patterns of cognitive performance within
a small-scale human society characterized by limited exposure to formalized schooling, and is
one of a few attempts to provide an evolutionary framework for the distinct age profiles of
different cognitive abilities.
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FIGURE LEGENDS

Figure 1. Smoothed curve of the effect of age on cognitive performance, controlling for sex,
education and Spanish fluency, based on GAM (see text). Upper and lower lines of each curve
represent 95% confidence intervals. Rug marks on the X-axis indicate the range of unique ages
in the sample (range: 8-88 yrs). In all models, age represented a significant smoothing term
(p’s < 0.001). Sex, education, and Spanish fluency added as controls to the models.

Figure 2. Estimated age of peak cognitive performance for all tasks. (a) composite “effortful
processing” components, (b) category fluency subtasks, and (c) composite scores. Rug marks on
the X-axis represent the range of unique ages in the sample.

Figure 3. Segmented linear regression predicting cognitive performance across two levels of
educational attainment (<2 years vs. 2+ years).

Figure 4. “Effortful processing” cognitive performance, schooling and village history of
schooling (only “low”, “high” shown here). Based on Model 3 in Table 8.
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Figure 1. Smoothed curve of the effect of age on cognitive performance, controlling for sex,
education and Spanish fluency, based on GAM (see text). Upper and lower lines of each curve
represent 95% confidence intervals. Rug marks on the X-axis indicate the range of unique ages
in the sample (range: 8-88 yrs). In all models, age represented a significant smoothing term
(p’s < 0.001). Sex, education, and Spanish fluency added as controls to the models.
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Figure 2. Estimated age of peak cognitive performance for all tasks. (a) composite “effortful
processing” components, (b) category fluency subtasks, and (c) composite scores. Rug marks on
the X-axis represent the range of unique ages in the sample.
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Figure 3. Segmented linear regression predicting cognitive performance across two levels of educational attainment (<2 years vs. 2+
years).

1

Figure 4. “Effortful processing” cognitive performance, schooling and village history of
schooling (only “low”, “high” shown here). Based on Model 3 in Table 8.
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Table 1. Descriptive sample statistics by age and sex

Variable
Age (yrs)
Highest Grade (0-12)
Spanish fluency (0-4)
Average Short-Term
Learning (0-8)
Long-Term Recall (0-8)
Tsimane Digit Forward (0-18)
Spanish Digit Forward (0-18)
Spatial Forward (0-7)
Visual Scan (#Correct #Wrong)
Total # Animals in 2 mins
Total # Fish in 2 mins

AGE < 25
MALE
FEMALE
Mean SD Mean SD
14.1
4.3
14.9 4.6
3.1
2.5
3.1
2.4
2.3
1.2
2.3
1.0
5.1
1.2
4.9
1.2

AGE 25-39
MALE
FEMALE
Mean SD Mean SD
33.3
4.0
31.8 4.3
3.1
3.6
2.1
2.8
2.7
1.0
2.0
1.2
5.4
1.2
5.1
1.2

AGE 40+
MALE
FEMALE
Mean SD Mean SD
54.1 11.2 53.1 11.3
1.9
3.0
1.2
2.1
2.5
1.2
2.1
1.2
4.7
1.1
4.5
0.8

6.2
10.4
10.7
4.2
34.4

1.2
1.9
2.1
1.1
14.7

6.4
9.9
10.5
4.1
33.6

1.3
1.8
2.3
1.0
14.9

6.5
11.1
11.6
4.4
39.3

1.1
2.0
2.0
1.1
14.5

6.1
9.9
10.1
4.0
28.8

1.2
1.9
2.1
1.2
15.2

5.6
10.2
10.8
4.0
20.6

1.3
2.1
1.9
0.9
16.7

5.5
9.3
9.6
3.5
14.3

1.4
1.8
2.0
0.9
14.0

22.2
19.1

6.0
5.3

19.9
17.0

5.6
5.1

27.1
24.2

5.9
5.0

22.7
20.4

5.3
4.9

25.9
23.7

6.2
5.3

23.5
21.5

5.2
5.1

1

Table 2. Pearson correlations between cognitive tasks, all ages combined. Correlations above the diagonal reflect females (n=461).
Correlations below the diagonal reflect males (n=458).

Short
Term
Recall

Long
Term
Recall

Tsim
Digit
Forward

Span
Digit
Forward

Spatial
Forward

Visual
Scan

Animal
fluency

Fish
fluency

"Effortful
Processing"

"Semantic
fluency"

Short Term Recall

-

0.425***

0.160**

0.201***

0.213***

0.192***

0.079^

0.064

0.387***

0.054

Long Term Recall
Tsim Digit
Forward
Span Digit
Forward

0.429***

-

0.232***

0.240***

0.244***

0.387***

0.141*

0.131*

0.572***

0.157**

0.206***

0.213***

-

0.570***

0.387***

0.301***

0.080^

0.042

0.601***

0.075^

0.257***

0.248***

0.505***

-

0.383***

0.364***

0.079^

0.032

0.639***

0.058

Spatial Forward

0.199***

0.299***

0.192***

0.274***

-

0.510***

-0.016

-0.058

0.698***

-0.046

Visual Scan

0.252***

0.438***

0.233***

0.229***

0.354***

-

-0.098+

-0.151**

0.728***

-0.144*

0.141*

0.092+

0.173**

0.183***

0.01

0.026

-

0.612***

0.017

0.859***

Animal fluency
Fish fluency
"Fluid"
"Semantic fluency"

0.036

0.007

0.113+

0.120**

-0.005

-0.059

0.636***

-

-0.043

0.865***

0.495***

0.655***

0.544***

0.576***

0.611***

0.693***

0.121*

0.017

-

-0.03

0.100+

0.074

0.158**

0.165**

0.005

-0.002

0.876***

0.871***

0.074

-

Note: ***p<0.0001, **p<0.001, *p<0.01, +p<0.05, ^p<0.10
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Table 3. Multivariate regressions predicting performance on each fluid subtask for all individuals. Community, matriline and patriline are
random effects in the model. Parameter estimates are regression coefficients in raw units of the predictor variables. Cognitive task performance is
in z-score units.
Short Term
Recall
Age
Age2
Sex
Years of Schooling
Spanish Fluency

0.022***
-0.0004***
0.195***
0.031**
-0.427***

Long Term
Recall
0.023***
-0.0004***
0.055
0.038**
0.213***

Tsimane
Digit
Forward
0.023***
-0.0003***
0.350***
0.079***
-0.004

Variance Between
0.419
0.176
0.106
Communities
Variance Within
0.807
0.912
0.935
Communities
† p ≤ .1, *p ≤ 0.05, ** p ≤ 0.01, ***p ≤0.001.

Spanish Digit
Forward
0.019**
-0.0003***
0.379***
0.066***
0.027

Spatial Digit
Forward
0.012*
-0.0002**
0.321***
0.102***
0.042

Visual
Scan
0.016**
-0.0004***
0.305***
0.086***
0.073†

“Effortful
Processing”

Animals

Fish

Categorical
Fluency

0.018***
0.070***
-0.0003*** -0.0007***
0.292***
0.457***
0.060***
0.029*
0.072**
0.050

0.068***
-0.0007***
0.441***
0.022†
0.054

0.072***
-0.0007***
0.453***
0.030*
0.084†

0.187

0.277

0.403

0.239

0.290

0.272

0.289

0.914

0.848

0.773

0.448

0.855

0.846

0.833
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Table 4. Multivariate regressions predicting cognitive performance for (a) individuals aged <25 (n=351), and (b) aged 40+ (n = 376).
Community residence, matriline and patriline are random effects.

AGE < 25
Age
Male
Highest Grade
Spanish
Fluency
Variance
Between
Communities
Variance
Within
Communities

“Effortful
Processin
g”

Animals

0.027***

0.013**

0.068***

0.066***

0.065***

0.163†

0.168*

0.170***

0.446***

0.435***

0.453***

0.128***

0.134***

0.065***

0.084***

0.030

-0.008

0.019

0.137*

0.077

0.022

0.091†

0.126***

0.086

0.148*

0.179**

3.44e-12

1.07e-08

0.182

0.257

0.408

0.178

0.434

0.321

0.436

0.910

0.888

0.934

0.848

0.679

0.446

0.775

0.783

0.753

Short
Term
Recall

Long Term
Recall

Tsimane
Digit
Forward

Spanish
Digit
Forward

Spatial
Digit
Forward

0.028**

0.015

0.022*

0.005

0.017†

0.149

-0.053

0.267**

0.113

0.035

0.050*

0.096***

-0.470

0.279***

0.431

0.840
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Visual
Search

Fish

Category
Fluency

AGE 40+
Age
Male
Years of
Schooling
Spanish
Fluency
Variance
Between
Communities
Variance
Within
Communities

Short
Term
Recall

Long Term
Recall

-0.022***
0.194*

-0.032***
0.093

0.003
-0.255***

0.0001

Tsimane
Digit
Forward

Spanish
Digit
Forward

Spatial
Digit
Forward

-0.013** -0.015**
0.396*** 0.551***

-0.010*
0.454***

0.040†

Visual
Search

“Effortful
Processing
”

Animals

-0.033***
0.349***

-0.021***
0.377***

-0.013**
0.379***

Fish
-0.005
0.382***

Category
-0.009*
0.354***

0.010

0.045*

0.052**

0.026**

0.015

0.021

0.026

0.203**

-0.104

-0.019

0.107

0.073

0.083*

0.051

0.005

0.053

0.354

0.1627

0.210

0.290

0.292

0.366

0.286

0.288

0.246

0.258

0.7138

0.9375

0.938

0.843

0.784

0.732

0.426

0.864

0.870

0.841

† p ≤ .1, *p ≤ 0.05, ** p ≤ 0.01, ***p ≤0.001.
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Table 5. Segmented linear regression predicting peak age of cognitive performance across
subtasks (n=919 individuals)

Cognitive Task
Immediate Word Recall
Delayed Word Recall
Tsimane Digit Forward
Spanish Digit Forward
Spatial Forward
Visual Scan
Composite “Effortful Processing”
Category Fluency
Semantic Fluency (Animals)
Semantic Fluency (Fish)
Composite

Age of
peak
(yrs)
34.6
15.6
16.1
17.0
14.7
16.3
16.2

Slope of
increase
to peak
0.237***
1.961***
1.731**
1.272*
2.107**
2.149***
1.409***

Slope of
decline from
peak
-0.558***
-0.425***
-0.250**
-0.231*
-0.289**
-0.700***
-0.314***

Decline
per
decade
-0.300
-0.229
-0.135
-0.124
-0.155
-0.377
-0.169

30.8
30.7
30.6

2.404***
0.974***
1.042***

-0.016***
-0.046***
-0.081***

-0.009
-0.025
-0.044

* = p < 0.05, ** = p < 0.01, *** = p <0.001
Note: Slopes are reported as standardized betas. Expected decline in performance is in standard deviation
units per decade for each subtask and composite measure.
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Table 6. Schooling, and rates of cognitive performance: acquisition (<25 yrs) and decline (>40 yrs)
AGE <25
Age
Male
Years of
Schooling
Spanish
Fluency
Age*Grade
Level
Interaction
Variance
Between
Communities
Variance
Within
Communities

Tsimane
Digit
Forward

Spanish
Digit
Forward

Spatial
Digit
Forward

Visual
Search

“Effortful
Processing”

0.047***

0.055***

0.034***

0.112

0.158†

0.158*

0.095

0.200*

0.348***

0.279***

0.137*

0.079

-0.008*

0.0001

-0.004

Short Term
Recall

Long Term
Recall

0.046***

0.036*

0.022

0.015

0.144

-0.053

0.267**

0.165*

0.197**

-0.465***

-0.007†

Fish

Category
Fluency

0.074***

0.054**

0.062***

0.165***

0.445***

0.437***

0.454***

0.275***

0.232***

0.071

-0.088

0.004

0.027

0.103†

0.129***

0.088

0.146*

0.178**

-0.011**

-0.011***

-0.008***

-0.002

0.004

0.001

Animals

0.434

0.004

2.87e-13

0.184

0.243

0.371

0.165

0.440

0.314

0.434

0.835

0.904

0.888

0.933

0.838

0.671

0.438

0.774

0.782

0.753
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AGE 40+

Short Term
Recall

Long Term
Recall

Age
-0.019**
-0.032***
Male
0.184*
0.093
Years of
Schooling
0.144†
-0.004
Spanish
Fluency
-0.246***
0.203**
Age*Grade
Level
Interaction
-0.003†
0.0001
Variance
Between
0.348
0.162
Communities
Variance
Within
0.712
0.938
Communities
† p ≤ .1, *p ≤ 0.05, ** p ≤ 0.01, ***p ≤0.001.

Tsimane
Digit
Forward

Spanish
Digit
Forward

Spatial
Digit
Forward

-0.011*
-0.012*
0.390*** 0.541***

-0.011*
0.457***

Visual
Search

“Effortful
Processin
g”

Animals

-0.030***
0.339***

-0.019***
0.373***

-0.009†
0.368***

Fish
-0.006
0.385***

Category
Fluency
-0.008†
0.350***

0.116

0.149

0.005

0.173†

0.088

0.168

-0.025

0.077

-0.099

-0.011

0.104

0.081

0.087*

0.060

0.002

0.056

-0.002

-0.003

0.001

-0.002

-0.001

-0.003

0.001

-0.001

0.204

0.288

0.293

0.368

0.285

0.290

0.243

0.938

0.841

0.784

0.730

0.425

0.861

0.870
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Table 7. Mixed effects regressions predicting performance among adults age 40+ on z-scores of
fluid composite by education level with community residence, matriline and patriline as random
effects.
Education
< 2 yrs (n = 229)

Intercept
Age
Male
Spanish Fluency

2+ years (n = 117)

B
0.222
-0.020***
0.299***
0.140**
0.233
0.424

SE
0.190
0.003
0.065
0.030
0.054
0.025

B
0.786**
-0.018***
0.340***
-0.029
0.348
0.384

SE
0.280
0.005
0.080
0.042
0.075
0.029

Variance Between Communities
Variance Within Communities
Note. Sample comprised of all individuals aged 40+, broken into two levels of educational attainment.
* = p < 0.05, ** = p < 0.01, *** = p <0.001
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Table 8. Schooling effects as a function of village history and quality of schooling (captured by the
variable “Village School level”). (n=844). Models include random effect terms for community, matriline
and patriline.

Predictor
Intercept
Age
Age2
Sex
Grade
Grade2
Spanish
Spanish2
Sex*Grade
Sex*Grade2
Village Education Level
(low vs. high)
(moderate vs. high)
Grade*Village School Level
(low vs. high)
(moderate vs. high)

"Effortful Processing" Tasks
Composite
Model 1
Model 2
Model 3
est.
est.
est.
-0.372*** -0.563*** -0.599***
0.017***
0.020***
0.020***
-0.000*** -0.000*** -0.000***
0.269***
0.271***
0.355***
0.060***
0.125***
0.156***
-0.006*** -0.008***
0.084***
0.154***
0.151***
-0.020
-0.019†
-0.064*
0.006*

Category Fluency Composite
Model 1
Model 2
Model 3
est.
est.
est.
-1.839*** -1.830*** -1.843***
0.071***
0.071***
0.071***
-0.001*** -0.001*** -0.001***
0.444***
0.444***
0.476***
0.025†
0.011
0.026
0.001
-0.000
0.034
0.058
0.058
-0.005
-0.005
-0.031
0.003

-0.495***
-0.072

-0.432***
-0.043

-0.438***
-0.052

0.416**
0.195

0.407**
0.191

0.404**
0.187

-0.035
-0.050**

-0.049*
-0.052**

-0.049*
-0.049**

-0.025
0.052†

-0.022
0.053†

-0.022
0.055†
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